The broiler (Gallus gallus domesticus) industry in the United States and several other countries routinely includes subtherapeutic levels of antibiotics such as roxarsone, virginiamycin, and bacitracin in the feed to improve bird growth yields. Large fractions of the antibiotics fed to the birds are excreted in manure (litter), which is often applied to soils to improve fertility. Some concerns with this practice are antibiotic-induced alterations in microbially-mediated nutrient cycling, which could influence plant productivity and environmental quality. To investigate this possibility, a series of lab experiments were conducted to determine the effects of increasing levels of the three livestock antibiotics on nitrification, denitrification, and microbial community composition (fatty acid methyl ester profiles) of soils collected along a catena. Roxarsone and virginiamycin significantly influenced microbial community composition and inhibited nitrification in the soils, but only at levels that were several-fold higher than expected in poultry litter-applied soils. Bacitracin did not affect microbial growth, microbial community composition, or nitrification at any concentration tested (up to 500 mg·kg
Introduction
Millions pounds of antibiotics are used in animal husbandry for therapeutic and sub-therapeutic uses in the US and many other countries [1] [2] [3] . At sub-therapeutic levels, antibiotics are believed to increase animal growth yields by controlling microbial populations in the gut, and thus reducing toxin levels and competition for essential nutrients and growth factors [4] [5] [6] . The most commonly used antibiotics in poultry feed are bacitracin, roxarsone, and virginiamycin, which are fed to birds at concentrations 4 -55, 25 -50, and 5 -22 mg·kg −1 feed, respectively [7] . Between 30% and 90% of antibiotics fed to animals are excreted in animal feces and urine [3, 8] . Thus, when manure is applied to land, antibiotics are also added to soil and surrounding environments [2, [8] [9] [10] . Some concerns with widespread distribution of antibiotics in the environment are alterations in soil microbial communities and nutrient cycles in soils, which have been observed in numerous studies [11] [12] [13] [14] [15] [16] . Examples include reductions in total and active cell counts in forest soils by oxytetracycline and penicillin [11] , changes in relative abundance of bacteria, fungi, and protozoa in agricultural soils by tylosin [12] , accelerated carbon mineralization by chlortetracycline and oxytetracycline [13] , reductions in soil respiration rates by sulfamethoxazole, sulfamethazine and trimethoprim [14] , and inhibition of Fe (III) reduction and substrate-induced respiration rates in soils by sulfapyridine and oxytetracycline [15] . To our knowledge, there are no published reports on the effects of bacitracin, virginiamycin, or roxarsone on microbial community composition, nitrification, or denitrification in soils, even though these are among the most commonly used livestock antibiotics, and these N transformations govern N availability and transport in soils.
In soils, antibiotic bioavailability and effects on microorganisms are likely to be influenced by sorption with clay minerals, organic matter, and other soil surfaces, which can be further influenced by pH, redox conditions, and ionic strength of the soil solution [17, 18] . Thus, evaluations of antibiotic effects and exposure levels in soils should take into account the extent of these interactions, which can be high soil specific.
The objectives of this study were to determine 1) levels at which three commonly used livestock antibiotics (bacitracin, virginiamycin, and roxarsone) have adverse effects on nitrification and denitrification potential in soils; 2) effects of antibiotics on soil microbial community structure; and 3) importance of sorption in affecting antibiotic bioavailability to soil microorganisms.
Materials and Methods

Soil Collection
Soil samples (0 -5 cm depth) were collected at three topographic positions that represented the shoulder (273 m above sea level), backslope (271 m) and toeslope (270 m) over a distance of 20 m of a tall fescue field (overall ~15% topographic gradient) located at the University of Kentucky Spindletop Farm in Fayette County, Kentucky in March, 2009. At each of the three elevations, three stations located 10 m apart were set up in a square grid pattern. At each station, ten soil samples from a one m 2 area were collected and composited to represent the soil at that station. The composited samples from the nine stations were sealed in separate plastic bags, transported to the laboratory in an ice chest, and stored at 4˚C for a maximum of one week before being used in experiments. The soil series at the location was McAfee silty clay loam (Fine, mixed, active, mesic, Mollic Hapludalfs). The area was chosen because it had not received poultry litter or any other amendment for at least 20 years, and it contained gradients in soil moisture, pH, and other characteristics representative of a pasture area where litter would be applied.
Soil Property Characterization
Soil pH was determined in a soil-water paste (1:1 volume basis) using a calibrated glass electrode and meter. Bioavailable P, K, Ca, Mg, Zn in soils were estimated using the Mehlich III extraction test, in which soil (2 cm 3 ) was mixed with 20 mL Mehlich III extract (0.2 N acetic acid, 0.25 N NH 4 NO 3 , 0.015 N NH 4 F, 0.013 N HNO 3 , and 0.001 N EDTA), shaken for 5 minutes, and passed through a Whatman #2 filter paper [19] . The elements in the filtrate were measured by Inductively Coupled Plasma Spectroscopy (ICP) Varion Vista Pro (Palo Alto, California). Cation exchange capacity (CEC) and base saturation were determined by the pH 7 ammonium acetate method and ICP analysis of extracted cations. Organic carbon in soils was determined by an Elemental Vario Max CNS analyzer (Mt. Laurel, New Jersey). Percentages of sand, silt, and clay in the soils were determined by the Na-hexametaphosphate micropipette method. The above soil properties were determined at the Regulatory Services Soil Testing Laboratory at the University of Kentucky, Lexington, KY. Dissolved organic C and microbial biomass C were determined by the chloroform fumigation-K 2 SO 4 extraction using a Shimadzu TOC 5000 A analyzer (Columbia, MD) [20] .
Antibiotic Effects on Nitrification
Antibiotic effects on nitrification were determined by monitoring increases in nitrate and nitrite levels in soils amended with substrate ((NH 4 ) 2 SO 4 ) and increasing levels of antibiotics in laboratory microcosms over a period of 5 d. The substrate was added to stimulate nitrification activity, which was found to be critical when evaluating effects of biostatic agents on microbial activities [15] .
Before conducting the test, background levels of the nitrification products nitrate and nitrite were removed from soils by washing with deionized and distilled water (100 mL) for 30 min in a 250 mL centrifuge bottle and centrifugation at 2057 × g for 10 min. The supernatant was discarded and the soils were air-dried in a plastic weigh boat at room temperature for five days before being used in nitrification experiments.
Dried soil was passed through a 4 mm mesh, and 1 g soil was added to a 20 mL vial, and mixed with antibiotic solutions (5 mL) at one of seven concentrations (0, 0.3, 1, 3, 10, 30, 100 mg·L Using this equation, values less than, equal to, or greater than one indicated that antibiotic inhibited, had no effect, or promoted nitrification, respectively.
Antibiotics Effects on Denitrification
The effects of antibiotics on denitrification in the soils was determined by monitoring increases in N 2 O gas in anaerobic soils amended with KNO 3 and increasing levels of antibiotics using the acetylene blockage technique in laboratory microcosms [22] .
Soil (3 g) was added to 30 mL serum bottles, and bottles were sealed with serum stoppers and purged with N 2 gas to remove O 2 . Microorganisms in the soils were exposed to deoxygenated solutions of bacitracin, roxarsone or virginiamycin solutions (3 mL) at seven concentrations (0, 1.5, 5, 15, 50, 150, and 500 mg·L . After the 5 d exposure period, 1 mL of a deoxygenated 25 mM KNO 3 substrate solution were mixed with the soils to stimulate denitrification activity, and 3 mL acetylene gas (prepared with CaC 2 and water) was added to inhibit the conversion of N 2 O to N 2 gas. The bottles were incubated on an orbital shaker at 140 rpm for 1 d at 24˚C. Gas samples from the bottles were analyzed for N 2 O gas on a Shimadzu 14 A gas chromatograph equipped with an 63 Ni electron capture detector (340˚C), Porapak Q column (1.82 m and 3.175 mm) (35˚C), and injector (45˚C) with nitrogen carrier gas. Calibrations were made using a Scotty Specialty 448 N 2 O gas standard (Plumsteadville, PA).
The effect of antibiotics on denitrification at each concentration was determined by normalizing to amounts of N 2 O produced in the zero-level controls.
Antibiotic Effects on Microbial Community Composition
The effects of antibiotics on microbial community composition in the soils was determined by analyzing changes in 59 ester-linked fatty acid methyl esters (FAMEs) in soils exposed to increasing levels of antibiotics in lab microcosms. Soil (25 g) was passed through a 4 mm mesh and mixed with antibiotic solution (2 mL) at various bacitracin, roxarsone or virginiamycin concentrations (0, 1, and 100 mg antibiotic kg −1 soil) in a 50 mL beaker. The beakers were covered with parafilm to reduce evaporation, and were incubated in the dark for up to 4 weeks. After 1 and 4 weeks, 5 g of sample was removed from the beakers and stored at −80˚C in plastic bags until FAME analysis.
The FAMEs were extracted using the alkaline methanolysis ester-linked extraction method [23] . Soil (3 g) was vortexed with 15 mL of freshly prepared 0.2 M KOH in methanol for 20 s in a 35 mL glass centrifuge tube. The tubes were placed in a water bath for one h set at 37˚C, and vortexed every 10 minutes for 10 seconds during this period. After 1 hour, 2.5 mL of 1 M acetic acid was added to each tube to neutralize the pH. Ten mL hexane was mixed with tube contents by vortexing. The tubes were centrifuged for 20 minutes at 329 × g. Five mL of the top hexane phase that contained the FAMEs was transferred to a 16 mL glass tube and was gently evaporated to almost dryness with N 2 gas. The FAMEs were dissolved in 0.2 mL of 1:1 hexane:methyl-tert butyl ether and transferred to an auto-sampler gas chromatography vial with teflon-lined cap. The FAMEs were analyzed using a Shimadzu 14 A gas chromatograph fitted with a flame ionization detector (260˚C), splitless injector (250˚C) and Rtx ® -1 fused silica column (1% diphenyl -99% dimethyl polysiloxane, 30 m length by 0.32 m id and 0.25µm thickness). Helium (He) was used as the carrier gas. The oven temperature program was 80˚C held for 0.5 min, ramped up to 250˚C at 3˚C·min −1 , and then held at 250˚C for 10 min. The identity and concentrations of individual FAMEs was determined using standards obtained from Supelco (Bellefonte, PA).
Standard fatty acid nomenclature was used in this study [23, 24] . For example, 18:1ω5 describes a fatty acid with 18 carbon chain length with one double bond located on the fifth carbon from the methyl end of the chain. In this paper, all double bonds are in the "cis" conformation, unless indicated otherwise indicated by a "t" suffix that denotes a "trans" conformation. Branching positions are represented by prefixes "a" (anteiso), "b" (branched), "i" (iso), "Me" (methyl group), and "cy" 
Sorption Effects on Antibiotic Bioavailability
The role of sorption in reducing the bioavailability of bacitracin, roxarsone and virginiamycin was determined by comparing the growth of soil microorganisms in cultures exposed to solutions with increasing concentrations of antibiotics before treatment with soil (BT) and after treatment with soil (AT). Microbes for the bioassay were extracted from a bulk soil that was obtained by combining soil (1 g) from each of the nine sites (total 9 g) with 90 mL Luria-Bertani (LB) broth nutrient solution in a 250 mL centrifuge bottle. The bottle was shaken on a horizontal shaker for 2 h and centrifuged at 100 × g for 15 min. The supernatant containing the microorganisms was passed through 20 µm pore filter paper to remove particles that remained after centrifugation, and was stored in the refrigerator until used in bioassays the following day.
As indicated before, BT and AT solutions were used in the bioassays. The BT antibiotic solutions consisted of bacitracin, roxarsone, or virginiamycin prepared at 0, 1.5, 5, 15, 50, 150, and 500 mg·L −1
. The AT solutions were the same as the BT solutions, except that antibiotics were first equilibrated with soil to allow sorption to take place before exposing organisms to the antibiotics remaining in solution. To prepare the AT antibiotic solutions, 1.5 mL antibiotic solution at one of the seven levels were equilibrated with oven-dried and sieved (2 mm) soil (0.5 g) in 2-mL microtubes on a horizontal shaker for 4 h. The 4 h equilibration time was selected to allow sorption to take place and also reduce the chances for antibiotic degradation. After this period, microtubes were centrifuged at 9400 × g for 5 min, filtered with 0.45 µm membrane, and stored at 4˚C until used in microbial growth bioassay tests and determinations of antibiotic concentrations.
The microbial growth bioassay was conducted using the BT and AT antibiotic solutions in triplicate as follows. The BT or AT antibiotic solutions (0.75 mL) were amended with 0.25 mL of bacterial stock solution and 0.25 mL of LB broth (to stimulate microbial growth) in a 2 mL microtube. The final antibiotic concentrations in the BT microtubes were 0, 0.9, 3.0, 9, 30, 90, 300 mg·L −1 ; concentrations in the AT solutions were expected to be lower as a result of sorption. The bacteria and antibiotic mixtures were incubated overnight on an orbital shaker at 250 rpm at 28˚C. After 1 and 2 d, the tubes were vortexed, and cell densities were measured at 600 nm using a microplate reader (BioTek, Horshman, PA).
The effect of antibiotics at the various concentrations on microbial growth in the nutrient solutions was determined from the equation:
Antibiotic effects on microbial growth = (cell growth with antibiotic)/(cell growth without antibiotic).
The importance of sorption in reducing antibiotic bioavailability was determined by comparing microbial growth in the BT and AT solutions, as shown in the equation: Sorption effects on antibiotic bioavailability = (cell growth in AT solution)/(cell growth in BT solution).
Values less than one reflect the extent that sorption reduced antibiotic bioavailability in the AT treatment.
To determine the extent of antibiotic sorption by the soils, the concentrations of antibiotics in AT solutions were determined using Shimadzu high performance liquid chromatograph equipped with a UV-Vis detector set at 220 nm and reverse phase Phenomenex Synergi 4u Hydro-RP 80 A column (Torrance, CA). Different proportions of 0.3% formic acid solution and acetonitrile were used as mobile phases for the various antibiotics. For roxarsone analysis, the run time was 5 min using a mobile phase of 10% acetonitrile and 90% formic acid solution. For bacitracin analysis, the run time was 23 min using an initial mobile phase of 5% acetonitrile: 95% formic acid solution that was ramped up to 60% acetonitrile: 40% formic acid solution over 10 min, and returned to 5% acetonitrile: 95% formic acid solution over 13 min. For virginiamycin analysis, the run time was 20 min using an initial mobile phase of 40% acetonitrile: 60% formic acid solution that was ramped to 60% acetonitrile: 40% formic acid solution over 8 min, and returned to 40% acetonitrile: 60% formic acid solution over 12 min. The amounts of antibiotic retained by sorption were determined from the difference in amounts of antibiotics in the BT and AT solutions prior to the use in the bioassay experiments.
Statistical Analysis
The effects of antibiotic levels on nitrification, denitrification, FAMEs, and microbial growth were determined by ANOVA and Tukey's Honestly Significant Difference test (HSD), at a significance level of p = 0.05. All the statistical analyses were performed using STA-GRAPHICS Plus Version 5.0 software (Manugistics, Rockville, MD).
Results
Chemical Properties of Soils
There were significant differences in several chemical properties of soils along the topographic gradient ( Table  1) . Soil pH ranged between 5.85 and 6.68, and was significantly higher in the toeslope soils than in the shoulder and backslope soils (p = 0.001). Mehlich III K ranged between 139 and 376 mg·kg −1 , and was significantly higher in the backslope soils than in the shoulder and toeslope soils (p = 0.003). Mehlich III Ca ranged be- , and was significantly higher in the toeslope soils than in the shoulder and backslope soils (p = 0.002). Percent base saturation of the soils ranged between 55 and 80%, and was significantly higher in the toeslope soils than in the backslope and shoulder soils (p = 0.012). Dissolved organic C and microbial C were significantly higher in the toeslope than other elevations (p = 0.001 and 0.012, respectively).
Antibiotic Effects on Nitrification and Denitrification
Nitrate + nitrite in the control soil (without antibiotics) increased from an initial average concentration of 0 mg N·kg −1 at the start of the experiment to 28 ± 15 mg·N·kg −1 in 5 d, which indicated that experimental conditions were conducive to nitrification activity.
Nitrate + nitrate produced in the bacitracin-treated soils was not significantly different than controls at any concentration tested (up to 500 mg·kg ), but was significantly lower in roxarsone-amended soils at >150 mg·kg −1 in all soils, and was significantly lower in virginiamycin-treated soils at >15 mg·kg −1 in the shoulder and backslope, and at >150 mg·kg −1 in the toeslope (Figures 1(a)-(c) ). Nitrous oxide produced in the control soils rapidly increased from an initial value of 0% to 0.5% ± 0.1 N 2 O of the gas headspace (v/v) during the incubation, which signified that experimental conditions were conducive to denitrification activity. Amounts of N 2 O were significantly lower in the bacitracin treated soil at 500 mg·kg −1 at the toeslope position, but not at the other topographic positions. Amounts of N 2 O produced in the roxarsoneand virginiamycin-treated soils were not significantly different than controls at any concentration tested (Figures 2(a)-(c) ).
Antibiotic Effects on Microbial Community Composition
Total FAME concentrations in the control soils during the four week incubation remained constant at 366 ± 56 mg·kg
, and were not significantly affected by any of the antibiotics at 1 or 100 mg·kg , or by roxarsone and virginiamycin at 1 mg roxarsone kg -1 relative to the control. At the 100 mg·kg −1 level, however, both roxarsone and virginiamycin significantly increased the abundances of 16:1ω7 and 18:1ω7 by 1.2 -1.6 times compared to the control during the incubation period.
Sorption Effects Antibiotic Bioavailability
Microbial growth in the zero level BT and AT solutions increased from initial optical densities at 600 nm of 0.16 ± 0.02 to final values 0.37 ± 0.03 in 24 h, which signified rapid growth potential of soil microorganisms under the experimental conditions.
In the BT treatments, microbial growth was not significantly affected by bacitracin at any concentration up to 300 mg·L −1 (solid line in Figure 3(a) ). Roxarsone and virginiamycin significantly inhibited microbial growth at 300 mg·L −1 in the BT solutions, but they did not inhibit growth at any concentration in the AT solutions (dashed lines in Figures 3(b) and (c) ).
Discussion
The poultry industry routinely incorporates bacitracin, roxarsone, and virginiamycin in feed at concentrations of 4 -55, 25 -50, and 5 -22 mg·kg , respectively [7] . A large fraction of antibiotics fed to the birds is excreted and accumulates in the litter, which is applied to soils at rates of 5 Mg litter ha −1 for the unrelated purpose of improving soil fertility. Assuming litter is applied to a soil depth of 3 cm, bacitracin, roxarsone, and virginiamycin concentrations in soil would be in the range of 0.07 -1 mg·kg
. This is in the same concentration range indicated in other studies [8] [9] [10] . In this study, it was hy- pothesized that antibiotics at environmentally-relevant concentrations would have significant effects on microbial community composition and associated aerobic and anaerobic activities in soils, which so far have not been investigated for these three livestock antibiotics. The N transformation processes nitrification and denitrification were investigated because of their importance in plant nutrition and water quality.
Opposite to what was expected, none of the antibiotics added to soils at 1 mg·kg −1 significantly influenced either the concentration of total FAMEs or the relative abundance of any specific FAMEs (total of 59 types) compared to zero level control soils during the four week exposure period. Moreover, bacitracin at the 100 mg·kg , however, microbial community composition of soils was significantly affected, as indicated by 1.2 -1.6 fold increases in relative abundances of 16:1ω7 and 18:1ω7 compared to the control soils. Both of these lipids are indicative of aerobic Gram-negative bacteria, so it appears that roxarsone and virginiamycin led to enrichments in members of this bacterial group. One possible explanation is that Gram-negative bacteria with these two FAME biomarkers gained competitive advantages over other microbial groups in the soil, whose growth was curtailed by roxarsone and virginiamycin. Unfortunately, however, it was not possible to identify the antibiotic-sensitive groups from the FAME analysis.
Although roxarsone and virginiamycin at 100 mg·kg
in the soil affected microbial community composition, it is unlikely that antibiotics would reach these levels in soils from poultry litter amendments, and so they would not likely have significant effects on microbial community composition. Furthermore, sorption would further decrease antibiotic concentrations in the bioavailable pool. As previously indicated, incorporation of 5 Mg·ha . For the soils in this study, this equates to dissolved virginiamycin and roxarsone (bioavailable) concentrations of 0.0001 -0.0005 mg·L −1 , which was calculated from the sorption isotherm models in Figure 4 . These concentrations are several orders of magnitude lower than dissolved levels that affected microbial com- munity composition in this study (100 mg·kg −1 soil equates to 2 mg·L −1 virginiamycin and 11 mg·L −1 roxarsone in soil solution).
Results from the nitrification and denitrification experiments were generally consistent with those discussed above. Specifically, roxarsone and virginiamycin significantly inhibited nitrification in the soils, but only at concentrations that were much higher than would be expected in litter-amended soils. For example, roxarsone inhibited nitrification at >150 mg·kg −1 (corresponding to >31 mg·L −1 in soil solution), virginiamycin inhibited nitrification at >15 mg·kg −1 (corresponding to >0.06 mg·L −1 in soil solution), and bacitracin did not affect nitrification at any concentration up to 500 mg·kg −1
. Denitrification was inhibited by bacitracin at 500 mg·kg −1 , but the anaerobic process was not affected by roxarsone or virginiamycin at any concentration tested. These results indicated that neither nitrification nor denitrification activities would likely be affected by additions of poultry litter with typical antibiotic levels to these soils. In other soils that do not retain virginiamycin to the same extent as those in this study, however, it is possible virginiamycin levels in solution from poultry litter additions could exceed 0.06 mg·L −1 , which would be high enough to inhibit nitrification.
To our knowledge, no other studies have determined the effects of bacitracin, virginiamycin, or roxarsone on microbial community composition in soils; several studies, however, have evaluated the effects of these antibiotics on microorganisms in the gastrointestinal tract of broilers. For example, the microbiota composition in the gastrointestinal tract of broilers was altered when birds were fed bacitracin at 28 mg·kg −1 [6] , virginiamycin at 20 mg·kg −1 [25] , and a combination of roxarsone, bacitracin, virginiamycin and nicarbazin at 45, 50, 10, and 113 , respectively [26] . It is unlikely that microorganisms in soils would be exposed to these high concentrations from litter applications, due to dilution and sorption.
There are several other possible explanations besides low bioavailable concentrations for why bacitracin, virginiamycin, and roxarsone did not have large effects on microbial community composition and activities in soils of this study, including 1) intrinsic resistance/insensitivity to antibiotics [27] [28] [29] [30] [31] [32] [33] ; 2) degradation of antibiotics [34] [35] [36] ; and 3) sorption/complexation of antibiotics to soil surfaces [8] [9] [10] 17, 18] .
To explore the importance of intrinsic resistance/insensitivity, microorganisms were extracted from soil and grown in soil-free LB cultures with increasing concentrations of antibiotics (BT solutions). Results showed that microbial growth was not inhibited until antibiotic concentrations reached 300 mg·L . The capacity for soil microorganisms to proliferate at such high antibiotic concentrations observed in this study indicated that at least some were intrinsically resistant/insensitive to these antibiotics. On the one hand, these results were surprising considering that the soil microorganisms used in the study were never exposed to poultry litter or these antibiotics. On the other hand, however, results were in-line with studies that showed native microbial populations from pristine soils were resistant to diverse types of antibiotics, presumably as survival strategies in resource-competitive environments where antibiotics are naturally produced [27, 28] .
Possible mechanisms of antibiotic resistance included 1) low permeability of cell membrane to antibiotics (particularly in Gram-negative bacteria); 2) efflux of antibiotics out of the cell; 3) site alteration of antibiotic target site, and 4) enzymatic inactivation of the antibiotic [31] . Many of these mechanisms are attributed to chromosome-or plasmid-bound genes that can be transferred between bacteria in different phylogenetic groups by horizontal gene transfer processes such as transformation, transduction, and conjugation [37] . One or more of these mechanisms could account for intrinsic resistance/insensitivity to antibiotics by soil microorganisms observed in this study.
Conclusion
Results from this study showed that bacitracin, roxarsone, and virginiamycin had limited effects on microbial growth, community composition, nitrification, and denitrification at environmentally-relevant concentrations that would be expected in poultry litter-amended soils. This was mostly attributed to intrinsic antibiotic resistance/insensitivity of the native soil community and antibiotic sorption to soils, which protected microorganisms against high concentrations of antibiotics. Future studies should evaluate the concentrations, fate, and ecological effects of other prevalent pharmaceuticals in biosolid wastes and soil environments.
